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ABSTRACT
We investigate the 21 cm absorption lines produced by non-linear structures during the early
stage of reionization, i.e. the starless minihaloes and the dwarf galaxies. After a detailed mod-
elling of their properties, with particular attention to the coupling physics, we determine their
21 cm absorption line profiles. The infalling gas velocity around minihaloes/dwarf galaxies
strongly affects the line shape and, with the low spin temperatures outside the virial radii of
the systems, gives rise to horn-like line profiles. The optical depth of a dwarf galaxy is reduced
for lines of sight penetrating through its H II region and, especially, a large H II region created
by a dwarf galaxy with higher stellar mass and/or a top-heavy initial mass function results in
an optical depth trough rather than an absorption line. We compute synthetic spectra of 21 cm
forest for both high-redshift quasars and radio afterglows of gamma-ray bursts (GRBs). Even
with the planned Square Kilometre Array (SKA), radio afterglows of most if not all GRBs
would still be too dim to be the background sources for high-resolution (1 kHz) observations,
but absorption lines can be easily detected towards a high-z quasar. Broadband observation
against GRB afterglows can also be used to reveal the evolving 21 cm signal from both mini-
haloes and dwarf galaxies if there was no X-ray background or it was extremely weak, but it
becomes difficult if an early X-ray background existed. Hence, the 21 cm absorption could be
a powerful probe of the presence/intensity of the X-ray background and the thermal history of
the early Universe.
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1 IN T RO D U C T I O N
The formation of the earliest galaxies and the cosmic reionization
is among the milestones in the history of the Universe. As the first
stars form in the earliest non-linear structures, they illuminate the
ambient intergalactic medium (IGM) and start the reionization pro-
cess of hydrogen. Based on an instantaneous reionization model,
the polarization data of cosmic microwave background (CMB) con-
strain the redshift of reionization to be zreion ≈ 10.5 (Larson et al.
2010), while the Gunn–Peterson troughs (Gunn & Peterson 1965)
shown in quasar (QSO) absorption spectra suggest that the reion-
ization of hydrogen was very nearly complete by z ≈ 6 (e.g. Fan,
Carilli & Keating 2006). However, at present we are still unable to
observe the earliest galaxies directly, and our current understanding
on the reionization process is only based on theoretical models (e.g.
Furlanetto, Zaldarriaga & Hernquist 2004) and simulations (e.g.
Trac, Cen & Loeb 2008).
The most promising probe of the cosmic reionization is the red-
shifted 21 cm transition of H I which is directly related to the neutral
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component of the IGM (see e.g. Furlanetto, Oh & Briggs 2006 for
a review). Unlike the Lyα resonance line, the 21 cm line could
hardly be saturated because of its extremely small Einstein coef-
ficient (A10 = 2.85 × 10−15 s−1), so it traces well the reionization
history, especially during the early stages. Using the CMB as the
background radio source, 21 cm tomography could map out the
three-dimensional structure of the emission or absorption of 21 cm
photons by the IGM (e.g. Madau, Meiksin & Rees 1997; Tozzi
et al. 2000). However, it requires the deviation of the spin tem-
perature from the CMB temperature and may not be feasible for
certain epochs; it could not resolve structures smaller than ∼1 Mpc;
and it has a number of observational challenges (Furlanetto et al.
2006). Complementary to the 21 cm tomography, the 21 cm for-
est observation detects absorption lines of intervening structures
against high-redshift radio sources (Carilli, Gnedin & Owen 2002;
Furlanetto & Loeb 2002; Furlanetto 2006), and it is immune to most
of the above difficulties encountered by the tomography observa-
tion. As it is very sensitive to gas temperature (Xu et al. 2009), it
provides a useful tool to constrain the X-ray heating in the early
Universe. Also, the 21 cm forest is a promising probe that could
possibly detect high-redshift minihaloes, which are important for
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determining the mean clumping factor of the IGM and putting limits
on small-scale structure formation. Here, we focus on the absorption
experiments and investigate the 21 cm absorption lines produced by
the non-linear structures during the epoch of reionization.
The forest observation relies on the availability of luminous ra-
dio sources beyond the epoch of reionization. One possibility is
the high-redshift quasars which have been observed up to z = 6.43
(Willott et al. 2007), and a radio-loud quasar at z = 6.12 was dis-
covered by McGreer et al. (2006). Using high-z quasars or radio
galaxies as backgrounds, Carilli et al. (2002) and Xu et al. (2009)
have examined the possibility of detecting 21 cm absorption by the
neutral IGM based on simulations. Another possible option is the
radio afterglows of high-z gamma-ray bursts (GRBs). It is believed
that some of the long-duration bursts are produced by the explo-
sions of massive stars. The first stars are thought to be likely very
massive, and may produce bright GRBs which would be detectable
up to a redshift as high as 60 (Naoz & Bromberg 2007). Recently,
GRB 090423 was discovered at z = 8.1 (Salvaterra et al. 2009,
while Tanvir et al. 2009 reported its redshift to be z = 8.26), estab-
lishing the new redshift record of observation for all objects except
for the CMB. The radio afterglow of a GRB can be observed out
to a very late time when the outflow becomes sub-relativistic (e.g.
Pihlström et al. 2007), and considering the cosmic time dilation, it
offers us an adequate integration time. One possible problem with
the GRB radio afterglow is that at very low frequency, synchrotron
self-absorption may become important which may reduce the radio
flux. None the less, some GRB radio afterglows may be sufficiently
bright at the relevant frequency ranges.
In order to plan such observations, we need to know what kind of
signals will be produced by the early structures, and to understand
the physics behind the expected signals. In this paper, we provide a
detailed modelling of the 21 cm absorption lines produced by mini-
haloes and dwarf galaxies during the epoch of reionization, and
explore the physical origins of the line profiles. We generate syn-
thetic spectra of both quasars and GRB afterglows, on top of which
the 21 cm absorption lines are superposed. Projecting the capabil-
ity of future instruments, we discuss the prospects of detecting the
21 cm signals from these non-linear objects in the early Universe.
This paper is arranged as follows. In Section 2, we describe the
physical model involved with the 21 cm absorptions, including the
halo model for high redshifts, the starburst criterion, a possible X-
ray background, the physical processes taking place in minihaloes
and dwarf galaxies, respectively, and the Lyα background produced
by these early galaxies. In Section 3, we show the spin temperatures
and 21 cm line profiles of minihaloes and dwarf galaxies for var-
ious parameters. Statistical results including line number density,
theoretical spectrum and the equivalent width (EW) distribution are
given in Section 4. Then, in Section 5 we study the feasibility of the
21 cm observation by making mock spectra of both quasar and radio
afterglow of GRB. Finally, we summarize and discuss our results
in Section 6.
Throughout this paper, we adopt the cosmological parameters
from 5-year Wilkinson Microwave Anisotropy Probe (WMAP5)
measurements combined with SN and BAO data: b = 0.0462,
c = 0.233,  = 0.721, H0 = 70.1 km s−1 Mpc−1, σ 8 = 0.817
and ns = 0.96 (Komatsu et al. 2009).
2 TH E MO D EL
We start with a description of various aspects of physics involved
with determining the absorption spectrum of 21 cm lines. This in-
cludes the high-redshift number density of dark matter haloes, gas
distribution inside and around haloes, the criterion of star forma-
tion, the X-ray and Lyα background, and a detailed modelling of the
physical properties of starless minihaloes and galaxies, respectively.
Among these properties, the ionization state, the gas temperature
distribution and the Lyα photon density are especially important for
determining the strength and line profiles of the 21 cm absorption
by minihaloes/dwarf galaxies.
2.1 The halo model
In order to model the halo number density at high redshift, we use the
Sheth–Tormen halo mass function, which is based on an ellipsoidal
model for perturbation collapse and fits well the simulation results.
The comoving number density of haloes at redshift z with mass in
the interval (M, M + dM) can be written as (Sheth & Tormen 1999)


























Here ρ̄0 is the cosmic mean density of the total matter today, σ =
σ (M) is the rms of a Gaussian density field smoothed on a mass
scale M with a spherical top-hat filter of radius R, where R is
equivalent to M in a fixed cosmology as R = (3M/4πρ̄0)1/3, and
δsc = 1.686/D(z) is the critical overdensity required for spherical
collapse at redshift z, extrapolated to the present time using the
linear theory, where D(z) is the linear growth factor. The correction
factors a = 0.707, p = 0.3 and A = 0.3222 were introduced as
appropriate for ellipsoidal collapse (Sheth, Mo & Tormen 2001;
Sheth & Tormen 2002).
The 21 cm signal depends on the gas content of minihaloes or
galaxies, and the gas fraction in haloes will be suppressed by the
heating processes during the reionization. Therefore, we set the
lower limit of the halo mass to be the characteristic mass MC at
which haloes on average could only retain half of their baryons.
The characteristic mass depends on the halo merger history and
the thermal evolution of the Universe (Gnedin 2000; Okamoto,
Gao & Theuns 2008). At high redshift that we are considering
(z > 6), however, the filtering mass MF provides a good fit to
the characteristic mass MC (Okamoto et al. 2008). Including the
global heating process by an X-ray background (see Section 2.3),
we compute the thermal evolution of the Universe and find that
this mass scale is ∼106 M beyond redshift 7 for an early X-ray
background not higher than 20 per cent of the intensity today. For
high redshifts of interest, it is not very sensitive to the uncertain
intensity of the X-ray background because of the delayed response
of the gas density distribution to the change in the gas temperature.
However, if the early X-ray background was as high as today, or
even higher, it would have moderate effect in raising the Jeans mass
and the filtering mass (see the right-hand panel of Fig. 2). So we take
the halo mass range of [106 M, 1010 M] for an X-ray background
not higher than 20 per cent of today’s value, but also consider its
effect on the minimum halo mass for higher intensities of the X-
ray background (see Section 4). The range covers the characteristic
halo mass and most of the galaxies that are responsible for the
reionization (Choudhury & Ferrara 2007).
In the following, we use the NFW density profile for dark matter
distribution inside of the virial radius rvir of a halo (Navarro, Frenk
& White 1997). In general, the key parameter in the NFW profile,
the concentration parameter c, depends on the halo mass as well as
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its redshift. Unfortunately, the concentration parameter found from
low-redshift simulations (Cooray & Sheth 2002) is not directly
applicable to the epoch of reionization. Thanks to the resimulation
technique, Gao et al. (2005) have simulated an example of the first
haloes from very high redshift with extremely high resolution, and
its density profile is derived in each resimulation at the final time.
Here, we make use of their results. Assuming that c is inversely
proportional to (1 + z), as indicated by low-redshift results, we
make a fourth-order polynomial fit to the simulated points in the
logarithmic space of halo mass.
For the distribution of gas within the dark matter halo, we assume
that the gas is in hydrostatic equilibrium with the dark matter, and
have a spherical distribution. We expect gas in the high-z (and in
general low-mass) galaxies has a rounder distribution rather than
settling into a disc because (a) their circular velocities are compa-
rable to the sound speed, making the gas more rounded than flat
and (b) at such high redshifts, there may not be enough time for the
gas to settle in a smooth disc. With the NFW profile of dark matter
distribution, one can derive the gas density distribution analytically
(Makino, Sasaki & Sudo 1998):
ln ρg(r) = ln ρg0 − μmp
2kBTvir
[
v2e (0) − v2e (r)
]
, (3)
where ρg0 is the central gas density, μ is the mean molecular weight
of the gas depending on the ionization state, mp is the proton mass,
kB is the Boltzmann constant and Tvir is the virial temperature of the
halo. Here, ve(r) denotes the gas escape velocity at radius r, which
can be written as





dr ′ = 2V 2c




where V 2c ≡ GM/ rvir is the circular velocity at the virial radius, x ≡
r/ rvir, c is the halo concentration and F(c) = ln(1 + c) − c/(1 +
c). The maximum escape velocity is reached at the centre of the
halo, v2e (0) = 2V 2c c/F (c). In equation (3), the central density ρg0
is determined by the condition that the total baryonic mass fraction




3 (b/m) eA∫ c
0 (1 + t)A/t t2 dt
, (5)
where ρ̄m = ρ̄m(z) is the mean matter density of the Universe at
redshift z, A ≡ 2c/F(c) and 	c is the mean density of a virialized
halo with respect to the cosmic mean value ρ̄m (Bryan & Norman
1998): 	c = 18 π2 + 82(zm − 1) − 39(zm − 1)2, where zm =
m(1 + z)3/ [m(1 + z)3 + ].
To determine the gas distribution outside rvir, one has to keep in
mind that the gas slowly falls into the halo because of the gravi-
tational force of the halo, so the gas has a peculiar (i.e. infalling)
velocity which could be important for the 21 cm line. Also, due to
the large cross-section at large radii, there is a high probability for
the line of sight to go through these external parts of the haloes,
and this infalling gas has to be included in the calculation. Barkana
(2004) has derived a model for the expected profiles of infalling mat-
ter around virialized haloes based on the Extended Press–Schechter
(EPS) formalism (Bond et al. 1991). This ‘Infall Model’1 can also
be used to compute the final peculiar velocity profiles around viri-
alized haloes as well. The total velocity of the gas is the sum of
the peculiar velocity and the Hubble expansion. In these infalling
1 Public code for this ‘Infall Model’ is available at http://wise-
obs.tau.ac.il/∼barkana/codes.html.
























Figure 1. The hydrogen number density profiles in and around dark matter
haloes of different masses: M = 106 M (solid curves), M = 107 M
(dashed curves) and M = 108 M (dotted curves), respectively. The thick
curves are for redshift 20, while the thin curves are for redshift 10.
regions around haloes, we assume that the gas overdensity and ve-
locity field follow the dark matter perfectly, with the scaling factor
b/m.
Several illustrative curves of the total hydrogen number density
profiles are shown in Fig. 1 for various halo masses and two sets of
redshifts. A constant hydrogen fraction of primordial value XH =
0.752 is assumed here (Spergel et al. 2007). The haloes with smaller
mass and lower redshift are more concentrated. We can see that there
are discontinuities at rvir. That is because when we adopt the gas
density profile above, we are also assuming that the virialization
shock is located right at the virial radius, and at the shock radius
density and temperature jumps are expected. The exact position of
the shock radius is subject to debate, and may depend on the assem-
bly history of the halo. For a cosmology with m = 1, Bertschinger
(1985) found that the accretion shock forms at the radius R90.8 which
encloses a mean dark matter density of 90.8 times the cosmic mean,
while Abel, Bryan & Norman (2002) suggest that the shock radius
is close to the virial radius. Below we assume that the shock is
located at the virial radius, but note that the exact position of the
shock radius has only a small effect on the resulting 21 cm signal
(see the next section).
2.2 Star formation criterion
After the formation of dark matter haloes, some of the haloes could
form stars inside while others could not, depending mainly on the
cooling processes in each halo (see McKee & Tan 2008 for a recent
review). As for those haloes with star formation, a starburst is more
likely than continuous formation at this early epoch, because small
objects are very sensitive to feedbacks and, therefore, as soon as
the first stars formed in the galaxy, their radiation and induced
supernovae could heat and eject the surrounding gas, quenching
subsequent star formation. In order to determine whether a halo
is able to undergo a starburst, here we use a time-scale criterion
for star formation. If the time required for a halo to start forming
stars is longer than the Hubble time at the halo redshift, it will
remain starless, i.e. a system that is usually identified as a minihalo.
Otherwise, the halo has enough time to cool and collapse to form
stars, and becomes a dwarf galaxy. The time-scale required for
turning on a starburst is modelled as the maximum between the free-
fall time tff and the cooling time tcool, i.e. tSB = max{tff , tcool}, where
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